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Zinc (Zn) nutrition is of key relevance in India, as a large fraction of the population suffers
from Zn malnutrition and many soils contain little plant available Zn. In this study we com-
pared organic and conventional wheat cropping systems with respect to DTPA (diethylene
triamine pentaacetic acid)-extractable Zn as a proxy for plant available Zn, yield, and grain
Zn concentration. We analyzed soil and wheat grain samples from 30 organic and 30 con-
ventional farms in Madhya Pradesh (central India), and conducted farmer interviews to elu-
cidate sociological and management variables. Total and DTPA-extractable soil Zn
concentrations and grain yield (3400 kg ha-1) did not differ between the two farming sys-
tems, but with 32 and 28 mg kg-1 respectively, grain Zn concentrations were higher on
organic than conventional farms (t = -2.2, p = 0.03). Furthermore, multiple linear regression
analyses revealed that (a) total soil zinc and sulfur concentrations were the best predictors
of DTPA-extractable soil Zn, (b) Olsen phosphate taken as a proxy for available soil phos-
phorus, exchangeable soil potassium, harvest date, training of farmers in nutrient manage-
ment, and soil silt content were the best predictors of yield, and (c) yield, Olsen phosphate,
grain nitrogen, farmyard manure availability, and the type of cropping system were the best
predictors of grain Zn concentration. Results suggested that organic wheat contained more
Zn despite same yield level due to higher nutrient efficiency. Higher nutrient efficiency was
also seen in organic wheat for P, N and S. The study thus suggests that appropriate farm
management can lead to competitive yield and improved Zn concentration in wheat grains
on organic farms.
Introduction
Zinc (Zn) deficiency is a widespread public health problem in India [1–3] and is in large part
due to a cereal-dominated diet [3]. It can be seen e.g. in the prevalence of stunted growth in
children, which is estimated to affect 61 million children in India under 5 years of age [1]. At
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the same time, low Zn availability in soils may limit crop yield [4]. In India Zn deficiency is
particularly prevalent in Alfisols, Vertisols, Inceptisols, Aridisols, and leached Ultisols [5].
Under low Zn conditions, plant growth is severely reduced and other plant functions are dis-
rupted, as may be expressed in increased susceptibility to diseases [6]. Furthermore, with an
annual production of almost 1011 kg India is the second biggest producer of wheat globally,
with most wheat being produced by the northern and central states of Uttar Pradesh, Punjab,
Haryana, and Madhya Pradesh [7]. In these states wheat is also the main staple crop [3].
Research on increasing soil availability and grain Zn concentration in wheat is thus of great
importance in India, as it 1) has the potential to alleviate health problems in humans associated
with Zn deficiency and 2) may increase agricultural yields.
There are two main approaches for increasing grain Zn concentration: biofortification
through crop breeding and agronomic biofortification through Zn fertilizer application [8].
Breeding efforts, led by HarvestPlus and the International Wheat and Maize Improvement
Center (CIMMYT), set the goal to increase grain Zn concentration in wheat from 25 to 37 mg
kg-1 [9]. Several studies have shown that Zn fertilization, especially foliar application, is an
effective way to increase grain Zn concentration [2,10]. Ram et al. (2015) reported over 100%
increases in wheat grain Zn concentration from 25–33 mg kg-1 to 63–70 mg kg-1, coupled with
significant yield increases, following soil and foliar application of Zn fertilizers on field trials in
Punjab [2]. Since grain Zn accumulation is related to soil Zn availability, enhancing soil Zn
availability can also increase Zn concentration in cereal grains [8]. A third approach for
increasing cereal grain Zn concentrations–that has received much less attention–is biofortifica-
tion through organic matter management [11].
Together with pH, clay content, and concentrations of other nutrients (especially N and P),
organic matter is one of the most important factors determining Zn availability in soils [12,13].
Zn availability may decrease with increasing soil organic matter content, as organic matter
binds Zn [14]. However, other studies observed a positive correlation between DTPA (diethy-
lene triamine pentaacetic acid)-extractable Zn and organic matter across different soils, as
organic matter may also be a source of exchangeable Zn [5]. Thus it is conceivable that organic
matter management may present a possibility for biofortification. While farmyard manure is a
major source of Zn in agricultural systems [15], addition of green manure (fresh plant residues)
in pot studies was also shown to significantly improve the plant-available fraction of Zn in the
soil and increase wheat grain concentrations from 20 to 31 mg kg-1 [11].
Do organically grown cereals contain higher concentrations of Zn? Since organic agriculture
relies on substantial inputs of organic matter in the form of farmyard manure, compost, or
leguminous cover crops, it could potentially increase Zn concentration in the grains. While sev-
eral studies have looked at yield [16] or economic performance [17] of organic farms, few stud-
ies have compared organic and conventional farming in terms of Zn biofortification. Organic
farming has been shown to incur higher organic matter contents and increased soil biological
activity [18,19]; however, crop yields are generally lower [16]. Zn concentration in organically
grown wheat on low-P soils in Australia was found to be higher, likely associated to increased
mycorrhizal colonization, but the yields on organic farms were 17–84% lower [20]. It is well
known that yield correlates negatively with grain Zn concentration [21]. Therefore it could be
argued that dilution due to higher yield explains the relatively lower Zn concentration seen in
conventional Australian farms. Accordingly, a study in Switzerland found no significant differ-
ences in grain Zn concentration in organically and conventionally grown wheat at a smaller
yield difference of only 14% [22].
In this study we compared organic and conventional wheat cropping systems in terms of
grain Zn concentration in a region with low soil Zn availability and where Zn malnutrition is a
relevant human health problem. While in a first step soil extractable Zn concentration, wheat
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yield, and grain Zn concentration are compared between the two systems, in a second step the
variability is explored through multiple linear regressions. We thus present possible drivers of
extractable Zn concentration, wheat yield, and wheat grain Zn concentration. Our hypotheses
were that organic cropping systems had: 1) higher extractable soil Zn concentrations, 2) lower
yields, and 3) higher grain Zn concentrations.
Methods
Site description
The Nimar District of Madhya Pradesh, India (Fig 1) was chosen for this study due to a well-
established network of organic farmers, and the importance of wheat production in the area.
According to UNICEF and the World Health Organization, Madhya Pradesh has childhood
stunting levels of 50% and the highest prevalence of wasting (children under 5 whose weight is
more than 2 standard deviations below the global median) in India [23,24]. Agricultural soils,
mostly Vertisols, in Nimar District are known to have a high pH and thus relatively low Zn
availability of around 0.57 mg kg-1 [25], while the threshold for Zn deficiency in India has been
set at<0.6 mg kg-1 [5]. Furthermore, bioRe, a cooperative of around 4000 organic farmers, is
Fig 1. Spatial distribution of farms. Location of 30 organic and 30 conventional farms and bioRe station in
study region.
doi:10.1371/journal.pone.0160729.g001
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located in the study area (www.bioreindia.com) and provides information and training on
improved organic crop management. Compliance with internationally accepted certification
standards and frequent visits by bioRe staff ensure that organic practices are appropriately fol-
lowed on the registered organic farms. In 2007 a long-term field experiment was established at
bioRe’s research station, which compares conventional and organic cropping systems [26]. An
earlier study characterized soil characteristics, yield and economic performance of 170 cotton
fields in the area [27]. With a series of canals, water reservoirs and wells, irrigation can be prac-
ticed even far from the Narmada River, which is the primary source of water in the area. Most
farms are between 1 and 10 ha in size; farm work, including soil preparation, weeding, and har-
vesting, is mainly done by hand or with bullocks [27]. While cotton and soybean are the most
important Kharif (monsoon season) crops, in Rabi (winter) most farmers grow wheat.
Sampled farms were selected to be representative of farms in the case study region, and with
no systematic differences in organic and conventional farm locations. To minimize soil and
management heterogeneity, only fields in the lowlands and with good access to irrigation were
included. With respect to these prerequisites, the bioRe research and extension team assembled
a list of 50 conventional and 50 organic farmers from six extension centers, in a 25 km radius
around bioRe station. From that list, 30 farmers of each practice were selected randomly
(Fig 1).
Soil and wheat sampling and yield determination
Soil samples (top 25 cm) were taken during wheat sowing (November-December 2014). On
each field, 10 soil cores were collected on a Z-shaped transect spanning the whole field, and
combined into one composite sample, which was air-dried at 40°C, crushed, sieved (2mm) and
then transported for lab analysis. Grains were sampled at the time of harvest in March-April
2015. Since not all of the farms could be reached at the same time, some farmers already har-
vested wheat prior to the second visit. In that case, the farmers set aside 100 g of grain sample.
If the crop was still standing but ready to be harvested, 5–7 ears were collected from each of the
same 10 locations where soils had been sampled. Each farmer reported the mass of grains har-
vested on the given field. The field area was measured using the “area calculation” application
of a mobile GPS device (Dakota 10, Garmin, Schaffhausen, Switzerland). Dividing the reported
mass with the measured field area served as an estimate for the yield.
Soil analysis
The soil samples were analyzed for pH, soil texture, total element concentrations (C, N, P, K,
Ca, S, Mg, Mn, B, Fe, Zn, Cu, Mo, Ni), DTPA extractable micronutrients (Mn, Fe, Zn and Cu),
available P and exchangeable K. The pH was measured with 0.01 M CaCl2 on< 2 mm soil
[28]. Particle size distribution was measured with the laser diffraction method on< 2mm soil.
After oxidation with 12.8 M hydrogen peroxide until bubbling stopped, 0.3 g subsamples of
soil were submersed in 6 ml of 0.2% Calgone solution and shaken for 2 h [29]. The samples
were then analyzed with LS13320 (Beckman Coulter, Bea, USA) using the optical model
parameters suggested for soils [30].
Total N was measured on finely ground soil by dry combustion using an NCS analyzer
(Flash EA 1112 Series, Thermo Scientific, USA). Inorganic and organic (total minus inorganic)
C were measured by a combustion unit (SSM-5000A, Shimadzu, Kyoto, Japan) coupled with a
total organic carbon analyzer (TOC-L, Shimadzu, Kyoto, Japan). For determining other total
element concentrations, 1 g of finely ground soil was digested with 8 mL aqua regia (HCl and
HNO3 in a molar ration of 3:1) at 90°C for 120 min and run through ICP-OES (Varian, Palo
Alto, USA) [31]. International Soil-Analytical Exchange standard soils 910 and 952 were used
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as references (http://www.wepal.nl/). Extractable Zn was determined by extracting 10 g of
finely ground soil with 20 ml of 0.005 M DTPA and 0.1 M TEA (triethanolamine) followed by
measurement on an ICP-OES [32]. The amount of P extractable by the Olsen method was
taken as a proxy for available P and measured following the protocol of Schoenau and O’Hal-
loran (2007) [33]. After extraction with 0.5 M NaHCO3, the samples were measured in a spec-
trophotometer (50 Scan, Varian, Palo Alto, USA) at a wavelength of 880 nm against a P-
standard series with known P concentrations and also containing 0.5 M NaHCO3. Exchange-
able K was extracted with neutral ammonium acetate [34] and measured on an ICP-OES.
Grain analysis
Grains were pulverized in ceramic capsules with a mixing mill (MM200, Retsch, Haan, Ger-
many) by rotating for 1 minute at a frequency of 30 Hz. Total N and total C concentrations
were measured by dry combustion using an NCS analyzer (Flash EA 1112 Series, Thermo Sci-
entific, USA). Protein concentration was calculated by multiplying grain N concentration by a
conversion factor of 5.7 [35]. Concentrations of other elements were measured by ICP-OES
after microwave digestion. One mL of 14.4 M HNO3 and 2 mL of 9.8 M H2O2 were added to
subsamples of 100 mg finely ground wheat grain. The samples were then digested for 30 min-
utes at a pressure of 40 bar and temperature up to 240°C (turboWave, MLS GmbH, Leutkirch,
Germany). International Plant-Analytical Exchange references 783 or 197 were included in
each digestion set and used to validate the results (http://www.wepal.nl/).
Interviews
During the time of wheat sowing (November-December 2014), structured face-to-face inter-
views were conducted with the farmers. The interview included questions on farming practice,
training in nutrient management, livestock number, use and amounts of farmyard manure,
and wheat cultivar used (Table 1). The exact interview questions can be found in S1 Table.
During the time of wheat harvest, some fields were still green, while others were already being
harvested. Thus harvest date was noted during field visits and through talking to farmers. In
March and April the weather becomes persistently hotter and drier [26]. Our assumption was
that late harvest date, i.e. growth period shifted in time, implied increased likelihood of drought
exposure.
The production of farmyard manure as an organic fertilizer was estimated by assuming that
farmyard manure production was directly proportional to livestock units.
livestock units ¼ cowsþ 1:7  bullocksþ 1:7  buffaloþ 0:3  calves ð1Þ
‘Livestock units’, was calculated based on masses of tropical livestock in relation to a typical
dairy cow (250 kg) (http://www.fao.org/ag/againfo/programmes/en/lead/toolbox /Mixed1/
TLU.htm). Since farmers in the region are known to also use farmyard manure as fuel and or
purchase additional farmyard manure, the availability of farmyard manure (in livestock units
ha-1) was estimated by considering these variables.
FYM ¼ livestock units  ð1 proportion farmyard manure used as fuel þ proportion additional purchaseÞ
area of arable land
ð2Þ
Farmers were asked to estimate proportion of farmyard manure used as fuel and additional purchases
of farmyard manure, if any, during interviews. While the FYM indicator is not a very precise measure-
ment, in such a complex system with incomplete knowledge it was judged to be the best approximation of
farmyard manure input to the ﬁelds. The FYM indicator cannot be expected to crisply depict reality, but
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we consider it to be sensitive to large trends or systematic differences between farming systems compared
in this study.
Statistical analysis and modeling
Student’s t-test was applied to determine numeric differences between organic and conven-
tional farms. Non-normal data were log-transformed to meet the assumption of normality.
Before transforming to logarithms, the value 1 was added to the FYM indicator. Multiple linear
regression models were fitted to the three response variables "extractable Zn in soil", "wheat
yield", and "wheat grain Zn concentration" by a stepwise procedure. For each response, we
derived from our hypotheses a "maximum-scope" model that included all continuous explana-
tory variables that we expected to influence the response, along with their interactions with the
categorical explanatory variables "training," "cropping system," and “cultivar” (Table 1). The R
function step [36] was then used for stepwise selection of explanatory variables by minimizing
Akaike's information criterion (AIC) [37]. AIC rewards goodness of fit but penalizes model
complexity. Stepwise selection of explanatory variables has been used in a similar study model-
ing grain Zn, Cu and Fe concentrations with soil and climate variables in Iran [38]. As we
observed a non-monotonic increase of yield with exchangeable K, we added a quadratic term
to the yield model. Two observations with especially high extractable soil Zn (> 2 mg kg-1)
were removed for data analysis because we suspected Zn contamination during analysis. All
statistical tests were conducted at the significance level p< 0.05.
Table 1. List of variables used and how each variable wasmeasured. If a hypothesis existed why a variable might be a predictor for a given response
variable, the variable was included in the maximum scope of the respective model.
max. scope of model:
indicator unit method of assessment DTPAa Zn yield grain Zn
pH - measured in 0.01 M CaCl2 x x x
clay g kg-1 laser diffraction x x
silt g kg-1 laser diffraction x
inorganic C g kg-1 dry combustion with TOC-L analyzer x
organic C g kg-1 dry combustion with TOC-L analyzer x x x
N g kg-1 dry combustion with NCS analyzer x x x
P mg kg-1 digestion with aqua regia x
S mg kg-1 digestion with aqua regia x
Zn mg kg-1 digestion with aqua regia x x
DTPA Zn mg kg-1 DTPA-extraction x x
available P mg kg-1 Olsen's P extraction with NaHCO3 x x x
exchangeable K mg kg-1 extraction with NH4OAc x
cropping system [ORG/CONV] farmer interview x x x
cultivar - farmer interview x x
yield kg ha-1 farmer reporting x
harvest date day after January 1st noted on ﬁeld visits and through talking with farmers x
grain protein g kg-1 dry combustion with NCS analyzer x
training [yes/no] farmer interview x x
FYMb livestock ha-1 farmer interview x x x
aDTPA (diethylene triamine pentaacetic acid)-extractable Zn in the soil is a proxy for plant available Zn.
bFarmyard manure availability indicator, see text for details.
doi:10.1371/journal.pone.0160729.t001
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Ethical approval
The farmer interview study has received ethical approval by the Ethics Commission of the
Swiss Federal Institute of Technology in Zürich (study number EK 2016-N-30). All interview-
ees provided their informed written consent. Furthermore, soil and grain samples were col-
lected in participation with the farmers and upon their prior permission.
Results
Interviews
The interviews revealed that farming practices differed only subtly between organic and con-
ventional farms in the case study region. For both organic and conventional farms the wheat
cultivar Lok-1 was most often used (CONV: 56%, ORG: 44%), followed by HI-1544 (CONV:
14%, ORG: 20%), GW-366 (CONV: 8%, ORG: 7%), GW-322 (CONV: 6%, ORG: 5%), and
WH-147 (CONV: 6%, ORG: 5%). FYM, the farmyard manure availability indicator, was 3.50
and 3.30 livestock units ha-1 for organic and conventional farms, respectively (t = -0.98,
p = 0.33) (Table 2). Seven organic and four conventional farmers reported purchasing addi-
tional farmyard manure, and purchases ranged from 17–66% of the farm’s own farmyard
manure production. Average harvesting dates were also similar for organic and conventional
farms (t = -0.78, p = 0.45). However, only 23% of conventional farmers, compared to 93% of
organic farmers stated to have received training for managing nutrients. Training had mostly
been conducted by bioRe extension services and included courses on manure management and
composting.
Table 2. Means, standard errors, t-test statistics, and p-values for soil, wheat grain andmanagement variables of 30 organic (ORG) and 30 conven-
tional (CONV) farms in the study region. Significant differences (p < 0.05) are marked in bold. SEM = standard error of the mean.
CONV ORG t-test
mean SEM mean SEM statistic p-value
pH 7.20 0.032 7.15 0.050 0.791 0.43
clay [g kg-1] 359 22.4 396 20.4 -1.24 0.22
silt [g kg-1] 539 14.1 521 14.2 0.949 0.35
inorganic C [g kg-1]a 2.95 0.791 1.81 0.417 0.501 0.62
organic C [g kg-1] 6.44 0.276 6.96 0.315 -1.24 0.22
N [g kg-1] 0.634 0.023 0.621 0.027 0.382 0.70
P [g kg-1] 0.743 0.054 0.638 0.046 1.48 0.15
S [g kg-1] 0.134 0.0090 0.116 0.0058 1.73 0.09
Zn [mg kg-1] 124 4.18 121 3.83 0.400 0.69
DTPA Zn [mg kg-1]b 0.634 0.058 0.642 0.042 -0.515 0.61
available P [mg kg-1]a 4.07 0.475 3.29 0.516 1.42 0.16
exchangeable K [mg kg-1]a 266 20.2 258 19.8 0.448 0.66
grain Zn [mg kg-1]a 27.6 1.16 32.1 1.66 -2.22 0.03
grain protein [g kg-1] 121 2.16 129 3.28 -1.94 0.06
grain S [g kg-1] 1.53 0.0382 1.65 0.0446 -2.04 0.05
yield [kg ha-1] 3370 181 3350 137 0.08 0.94
harvest date [day] 74.7 1.80 76.9 2.13 -0.766 0.45
FYMa,c 3.30 0.660 3.50 0.435 -0.975 0.33
at-test performed on log-transformed data to meet assumption of normality
bDTPA (diethylene triamine pentaacetic acid)-extractable Zn, proxy for plant-available Zn in the soil
cFarmyard manure availability indicator in livestock units ha-1
doi:10.1371/journal.pone.0160729.t002
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Soils
Total and extractable Zn concentrations in the soil did not differ significantly between organic
and conventional systems (Fig 2A and 2B). Mean total soil Zn was around 122 mg kg-1 for
both systems, with a standard deviation of 21.8 mg kg-1. Despite the large pool of total Zn, only
0.64 ± 0.27 mg kg-1 was DTPA-extractable. According to the optimal regression models, total
soil Zn and total soil S best predicted DTPA-extractable Zn and explained 25% of the variabil-
ity in the response (Table 3). Inclusion of management variables, cropping system or FYM, did
not improve the model.
Soils of organic and conventional farms did not differ significantly in any of the other mea-
sured variables, though conventional soils tended to have higher macronutrient concentra-
tions. The mean pH of both organic and conventional soils was around 7.2 (Table 2). Soil
texture was also not significantly different. Both organic and conventionally managed soils had
total N concentrations of around 0.63 ± 0.13 g kg-1. Mean total P and total S tended to be
Fig 2. Boxplots of a) total soil Zn, b) DTPA (diethylene triamine pentaacetic acid)-extractable soil Zn
concentration, c) wheat yield, and d) wheat grain Zn concentration for 30 organic and 30 conventional
farms. Thick black lines represent medians.
doi:10.1371/journal.pone.0160729.g002
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higher in conventional soils, but were not significantly different to organic. Conventional soils
also tended to contain more Olsen P; mean extractable P was 4.1 mg kg-1 for conventional and
3.3 for organic (t = 1.4, p = 0.16). Mean exchangeable K was around 260 ± 110 mg kg-1 for both
cropping systems. Means, standard errors, and t-tests for additional soil parameters can be
found in S2–S4 Tables.
Yield
Organic and conventional farmers attained mean yields of 3350 and 3370 kg ha-1, respectively
(t = 0.08, p = 0.94). Conventional farmers who stated to having received training in nutrient
management tended to attain higher yields than conventional farmers without training (t =
-1.5, p = 0.16). Despite similar means for organic and conventional farms, the yield of conven-
tional farms tended to be more variable (Fig 2C), although the variances did not differ signifi-
cantly (Brown-Forsythe test statistic = 3.2, p = 0.079; Levene test statistic = 3.8, p = 0.055). If
only soil variables were considered, a regression model accounting for available P, exchange-
able K, and silt gave the best yield predictions with an adjusted R2 of 0.24. Including manage-
ment variables (training and harvest date) further improved the fit to the data (adjusted R2
0.42, Table 3). The model included a significant interaction effect of training with log(available
P): yield depended more strongly on log(available P) for untrained compared with trained
farmers (Table 3).
Grains
Wheat grains from organic farms had significantly greater Zn concentrations than convention-
ally grown wheat grains (t = -2.2, p = 0.03) (Fig 2D). With 32.1 mg kg-1 as compared to 27.6
mg kg-1 Zn, wheat grains from organic farms contained on average almost 20% more Zn than
wheat grains from conventional farms (Table 2). Wheat grains from organic farms also
Table 3. Multiple regressionmodels for extractable soil Zn, yield, and wheat grain Zn. Models were determined by a step-wise selection process that
maximizes Akaike’s Information Criterion. For each response variable (extractable Zn, yield, and grain Zn), one model was fit considering only soil and plant
explanatory variables (models 1, 2, and 5). A second model additionally considered appropriate management variables (models 3, 4, 6, and 7). None of the
considered management variables improved the extractable Zn model. See Table 1 for a list of explanatory variables included in the maximum scope for
each model selection process.
response
variable






extractable Zn (1) log (extractable Zn) = 6.49 (total Zn) + 0.321 log (total S) - 0.637 0.25 10.3 0.0002
Yield (2) yield = 530 log (Available P) + 14400 log (Exchangeable K) - 1360 log (Exchangeable
K)2–2.02 (silt) - 34100
0.24 5.63 0.0007
training yesb: (3) yield = 242 log (Available P) + 14600 log (Exchangeable K) - 1350 log (Exchangeable
K)2–2.52 (silt)– 31.3 (harvest date)– 32200
0.42 7.11 < 0.0001
training nob: (4) yield = 842 log (Available P) + 14600 log (Exchangeable K) - 1350 log (Exchangeable
K)2–2.52 (silt)– 31.3 (harvest date)– 33000
grain Zn (5) log (grain Zn) = - 9.96 x 10−2 log (Available P) + 4.51 x 10−3 (grain protein) - 9.45 x 10−5
(yield) + 3.23
0.35 11.6 < 0.0001
ORGc: (6) log (grain Zn) = - 0.132 log (Available P) + 6.10 x 10−3 (grain protein) - 8.48 x 10−5
(yield) + 9.05 x 10−2 log (FYM) + 2.93
0.46 9.31 < 0.0001
CONVc: (7) log (grain Zn) = - 0.132 log (Available P) - 4.26 x 10−3 (grain protein) - 8.48 x 10−5 (yield)
+ 9.05 x 10−2 log (FYM) + 4.15
aR2 was adjusted for the number of predictors and sample size for comparisons among different models
bdue to a signiﬁcant training x Available P interaction, the equations are split up for farmers with and without training
cdue to a signiﬁcant cropping system x grain protein interaction, the equations are split up for ORG and CONV
doi:10.1371/journal.pone.0160729.t003
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contained more S (t = -2.0, p = 0.046) and tended to contain more N and thus also grain pro-
teins (t = -1.9, p = 0.058). Other elements–C, P, K, Ca, Mg, Fe, Mn, Cu–were present in similar
concentrations in grains from both farming systems (S5 Table). A regression model including
yield, available P, and grain protein best predicted grain Zn and had an adjusted R2 of 0.35.
Including management variables (farmyard manure availability and cropping system)
improved the model fit (adjusted R2 to 0.46, Table 3). The optimal model contained a signifi-
cant interaction effect of grain protein with cropping system (positive dependence for organic
and negative for conventional farms). The farmyard manure availability indicator (FYM) had a
positive effect on predicted grain Zn (Table 3), and was significant in the full model (t = 2.4,
p = 0.019). However, as a simple regression FYM was not significant (F = 1.7, p = 0.19) and
explained only 3% of the variability in grain Zn.
Discussion
The hypothesis that soils under organic cropping would have higher levels of DTPA-extract-
able Zn was not supported by the results. This may be due to the fact that there was little differ-
ence in the use of organic fertilizers between the two types of farms in our survey. Based on the
farmyard manure indicator (FYM), availability of FYM on conventional farms was comparable
to organic farms. The hypothesis that organic cropping systems would obtain lower yields was
also not supported: both systems attained average yields around 3400 kg ha-1. The nearby
farming systems comparison field experiment reported yield levels of 2800–3300 kg ha-1 for
organic treatments and 3200–4200 kg ha-1 for conventional treatments between 2007–2010
[26]. Probably due to smaller management differences on farms compared to those on the field
trial, we did not find this yield gap on farms in the area. Eyhorn et al. [25] also found higher or
equal cotton yields of organic compared to conventional farmers in the area, despite lower
organic cotton yields on the system-trial [26].
Despite the similarities in soil conditions, farming practices, and yield level, organic wheat
grains contained significantly higher concentrations of Zn. Since Zn is associated with N and S
in proteins in grains [39,40], the fact that these elements were also more enriched in organic
grains was consistent with the finding of higher grain Zn. The HarvestPlus target is to increase
wheat grain Zn in India from a baseline of 25 to 37 mg kg-1, while maintaining a “competitive
yield” [9]. A multilocational irrigated trial with elite Zn lines in Northern India reported
slightly higher average grain Zn concentrations (33.6 ± 0.7 mg kg-1) but at lower average yield
levels (2700 ± 200 kg ha-1) [41] than in our survey here. Organic farmers in our study thus
attained statistically significant and nutritionally relevant increases in grain Zn concentration.
In the following we discuss how organic farmers could have achieved this increase in grain Zn
concentration without compromising yield. The discussion addresses possible underlying
mechanisms for the results of our regression analysis, as summarized in Fig 3.
What influenced extractability of Zn in soils?
Both total soil Zn and total soil S showed positive correlations with extractable soil Zn (Fig 4).
The larger the pool of total Zn, the more is also in DTPA-extractable forms. The positive rela-
tionship with S is less self-evident. In aerobic soils, the vast majority of S is in organic forms
[42], and these S containing organic molecules may also bind Zn [43]. Thus the observed corre-
lation between total soil S and DTPA-extractable Zn suggests that S containing organic mole-
cules are important sources of available Zn in these soils. Neither pH (F = 0.50, p = 0.48) nor
soil N (F = 1.5, p = 0.22) had a significant correlation with extractable Zn, despite a known pH-
dependence of Zn availability [13]. The reason why we saw no pH-effect is probably that all
soils were in neutral-slightly alkaline pH range and the dataset had a narrow range of pH
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values. The first and third quartiles of the pH distribution were 7.01 and 7.32 respectively.
Accordingly, pH was also not a significant predictor of wheat yield or grain Zn concentration
(Table 3). Also, neither soil organic C nor the FYM indicator were a significant predictor of
extractable Zn.
What influenced wheat yield?
Stepwise selection of explanatory variables revealed that available P, training in nutrient man-
agement, harvest date, and exchangeable soil K were the most significant predictors of yield.
Our results suggest that P was the main yield-limiting nutrient. In agreement with agronomic
guidelines for fertilization (also based on Olsen P measurement), the slope of the yield trend
Fig 3. Schematic diagram of correlations as determined by multiple linear regressions in the case study area. Solid lines refer to positive, dotted to
negative effects. While soil available P had a positive effect on yield, it was negatively correlated to grain Zn concentration. Yield also has a negative
relationship with grain Zn concentration. Organic farmers had improved grain Zn concentrations because they tended to have lower levels of available P in
the soil but higher grain protein concentrations. Organic farmers were able to maintain yield levels of conventional farmers by compensating for the lack of
chemical fertilizers (lower available soil P levels) with improved nutrient management training.
doi:10.1371/journal.pone.0160729.g003
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line decreased as available P approached 15 mg kg-1 [44]. However, yields of farmers who
received training in nutrient management were less sensitive to low P levels (Fig 5A). While
our interview questionnaire did not address dissemination of other knowledge, it is likely that
“training in nutrient management” also comes with other knowledge exchange, and general
improved agronomic practices. Most organic farmers are/have been associated with bioRe,
where they receive training and knowledge from time to time, along with appropriate seed and
inputs for organic farming. Some of the organic farmers are also involved in the participatory
research activities carried out by the innovation platform developed at bioRe in collaboration
with the Research Institute of Organic Agriculture, Switzerland [45]. This suggests that organic
farmers achieve similar yields to conventional farmers, despite not using chemical fertilizers,
because good agricultural practice makes more out of available natural capital. The training
effect also results in more homogeneous practices among organic farmers, as can be seen in the
lower between-farm variability of yield for organic compared to conventional farmers (Fig 2C).
The negative relationship between yield and harvest date (Fig 5B) is in line with our hypoth-
esis that this variable was a proxy for drought stress. The further the wheat-growing season
extended into the hot and dry Zaid season, the more likely the plants suffered from drought.
The relationship between yield and exchangeable K (Fig 5C) is less easy to interpret. A positive
effect on predicted yield for NH4OAc-extractable K values below 150 mg kg
-1 was expected,
since 150 mg kg-1 is considered as the threshold below which an application of K fertilizer will
increase yields [46]. Though values between 250–800 mg kg-1 are considered high, we have no
reason to suspect phytotoxic effects at these levels. The low-yield points pulling the regression
down for low K values are most likely due to other farm characteristics rather than a direct
exchangeable K effect.
Fig 4. Simple regressions of log(DTPA-extractable Zn) with a) total soil Zn and b) log(total soil S). P-values for the regressions were < 0.001 (F = 14.8)
and 0.003 (F = 9.39), respectively. Dotted lines are 95% confidence regions of the regression curves.
doi:10.1371/journal.pone.0160729.g004
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What influenced grain Zn concentration?
Decreasing grain Zn concentrations associated with increasing grain yields are often inter-
preted as the result of a dilution effect due to a larger proportion of tissue with low Zn density
Fig 5. Regressions of wheat grain yield with a) available P, b) harvest date, and c) exchangeable K. Available P had a significant interaction
effect with training on grain yield. P-values for the regressions were 0.01 (F = 3.99), 0.002 (F = 10.7), and 0.06 (F = 2.94), respectively. Dotted lines
(shaded area) are 95% confidence regions of the regression curves.
doi:10.1371/journal.pone.0160729.g005
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[21]. Vice versa, an increase in grain Zn concentration may just be a result of a decrease in
yield. For example, a study in southeastern Australia showed that organic wheat cropping may
increase grain Zn by 25–56%, but at the expense of a 17–84% decrease in yield [20]. Also in our
study yield showed a strong negative correlation with grain Zn concentration, but there was no
yield difference between organic and conventional wheat (Fig 6A). Thus, the dilution effect
does not explain the difference in grain Zn between the two cropping systems. Aside from
yield, available soil P also correlated negatively with grain Zn (Fig 6B), even if the yield effect
was considered (Table 3). A negative correlation of grain Zn with available P was also observed
in wheat across three provinces in Iran [38]. In the latter study, Olsen P values were much
higher than in our study, ranging from 10 to 165 mg kg-1. One reason for P-induced Zn defi-
ciency can be that mycorrhizal colonization is reduced with increasing soil P levels [47].
Mycorrhizae can make an important contribution to plant Zn nutrition on soils with low Zn
solubility [48]. Higher abundance of mycorrhizal root colonization in organic than conven-
tional farming explained higher grain Zn concentration in field trials in southeastern Australia
[20]. The conventional farms in the latter study applied 16–18 kg P ha-1, which is similar to the
rates of P application of conventional farmers in our study (data not shown). However, since
soils in our study were low in P (Olsen P values at 1–14 mg kg-1), and we do not know of any
studies showing P-inhibition of arbuscular mycorrhizal fungi at this level, we cannot explain
the underlying mechanism behind the observed grain Zn–soil available P relationship.
Considering that grain protein was the only variable to have an interaction effect with crop-
ping system, N nutrition seems to be key to understanding differences in grain Zn concentra-
tion between the two systems. Proteins act as a sink for Zn in grains [40]. While the model with
only soil and plant predictors showed a positive correlation between grain Zn and protein, by
including management variables the positive correlation was only observed for organic farms
(Table 3)(Fig 6C). While conventional systems are usually less N-limited, we did not detect any
differences in total soil N (Table 2). Despite similar amounts of soil N, N uptake by wheat
grains tended to be greater on organically managed fields (Table 2). Similar to what was seen
for P, this signifies a higher nutrient efficiency for organic wheat. Nutrient efficiency, not to be
confused with nutrient use efficiency, is defined by differences in relative growth or yield under
nutrient-limiting conditions [49]. While usually nutrient efficiency is used to compare different
cultivars, we did not find any significant cultivar effects. Instead, sociological (training) and
management (cropping system) variables affected yield response curve to P and grain Zn accu-
mulation, respectively (Table 3). Higher nutrient efficiency was also seen for S, where organic
farms had significantly more grain S despite tending to have lower soil S concentration
(Table 2). A possible underlying mechanism could be soil biology, as it is generally accepted
that organically managed soils support more active soil biology [18,19], and that N cycling in
soils is largely driven by biotic factors [50]. Since N does not seem to be limiting yield (no cor-
relation between soil N and yield), additional N lead to a relative increase in protein concentra-
tion. Higher Zn concentration is thus a byproduct of higher protein content in grains.
Implications
In this study we integrated soil and plant measurements with management and sociological
variables to model DTPA-extractable Zn, yield, and grain Zn concentration. As can be seen in
(Table 3), inclusion of management variables improved the yield and grain Zn prediction mod-
els. None of the soil or plant variables were able to explain why organic farmers would achieve
the same yield level as conventional despite lower available P levels. The training factor sug-
gested that there was a human capital effect on organic farmer’s yield. The harvest date variable
also improved prediction of yield, as it served as a proxy for not easily-measurable field data.
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Unfortunately, we did not have the possibility to quantify soil moisture variables, e.g. by means
of tensiometers, despite knowing that water stress would significantly influence yield in these
irrigated agricultural systems. Harvest date was a simple and quantifiable indicator that likely
Fig 6. Regressions of wheat grain Zn concentration with a) grain yield, b) available P, and c) grain protein concentration.Grain protein
concentration had a significant interaction with cropping system on grain Zn concentration; orange shading refers to conventional. P-values for the
regressions were all < 0.001 and F-statistics were 17.3, 14.4, and 6.60, respectively. Dotted lines (shaded area) are 95% confidence regions of the
regression curves.
doi:10.1371/journal.pone.0160729.g006
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captured some of this influence. In a study on biophysical factors determining copper, iron and
Zn in wheat grains in central Iran, linear regression on soil and climate variables explained
26% of the variability in grain Zn concentration [38]. Karami et al. [38] attributed some of the
uncaptured variability to differences in management. In this study we were able to determine
management variables in farmer interviews and showed that the addition of management vari-
ables to measured field variables did indeed improve linear modeling (Table 3). However,
interview answers were often very subjective or riddled with uncertainty. It proved valuable to
ask several related questions and see if the answers were correlated, which would suggest accu-
rate answers (results not shown). Also, it was decided to focus on less subjective interview
results, such as number of livestock per farm, which every farmer could answer accurately.
The results underline the importance of farmer training and organization. While we found
no yield difference between organically and conventionally grown wheat, the local system com-
parison trial reported that organic were significantly lower than conventional wheat yields
[26]. This discrepancy between field and on-farm trials also came forth in a meta-analysis,
which reported that in on-farm studies organic yields were on average 88% of conventional
yields, compared to an average of only 81% in field trials [16]. While field trials control for pos-
sible human capital effects (i.e. the same persons with the same know-how manage all treat-
ments), in on-farm reality organic and conventional farmer populations may have different
motivations, beliefs, and know-how [27]. Especially in developing countries, training received
upon certification is often highly valued by farmers [51]. In our study, nutrient management
training significantly increased predicted yield (Table 3). Better training of conventional farm-
ers would thus likely increase conventional farmer yields to levels reported in the system com-
parison trial (up to 4200 kg ha-1) [26]. However, this would likely come along with reduced
grain Zn concentrations due to yield dilution (Fig 6A) if farmers do not adopt more Zn-effi-
cient cultivars and or start applying Zn fertilizers. Field studies in Punjab have shown that Zn
fertilization may increase both crop yield and grain Zn concentration [2,52]. Therefore the
spread of Zn-efficient crops coupled with Zn fertilization should be pursued to further increase
grain quality. In an assessment of economic performance over two full crop rotation in the sys-
tem comparison trial, Forster et al. [26] report that overall organic cropping was financially
competitive even at lower yield levels. From a human nutritional and a financial point of view,
organic wheat cropping is thus a sustainable option for farmers in the region.
Conclusion
To our knowledge, this is the first study reporting increased grain Zn concentrations in organic
compared to conventional wheat cropping, where the biofortification effect is not due to
decreased yield. Yields for both systems were on average around 3400 kg ha-1 and both organic
and conventional soils contained similar amounts of total and extractable Zn. Considering that
farming practices and soil Zn conditions were similar, the benefit of organic farming could not
be explained simply by soil Zn concentration differences. Management variables improved
model fits and allowed our regressions to explain a higher percentage of the observed variabil-
ity. With a model considering yield, soil available P, grain N, cropping system and farmyard
manure availability, we were able to explain 46% of the variability in grain Zn concentration of
the 60 farms. The analyses revealed that training gave organic farmers an edge and allowed
them to produce higher quality wheat grains at the same yield level. Organic farmers’ improved
agricultural management was seen in a higher nutrient efficiency, as organic grains accumu-
lated more Zn, N, and S despite similar soil nutrient concentrations, and the same yield despite
tending to have lower soil available P. Due to higher grain Zn concentration and same yield,
organic wheat farming thus has a potential to improve livelihoods in the region.
Organic Wheat Farming Improves Grain Zinc Concentration
PLOS ONE | DOI:10.1371/journal.pone.0160729 August 18, 2016 16 / 20
Supporting Information
S1 Table. Exact interview question and answer type for each interview variable mentioned.
Interviews were conducted face-to-face based on a structured, written questionnaire. FYM here
stands for farmyard manure.
(DOCX)
S2 Table. Soil total macronutrient concentrations [g kg-1] of 30 organic (ORG) and 30 con-
ventional (CONV) farms in the study region. Total C and N were determined by combustion
using an NCS analyzer (Flash EA 1112 Series, Thermo Scientific, USA). Other element concen-
trations were measured by digestion with aqua regia and followed by measurement with
ICP-OES. Significant differences (p< 0.05) between average values in conventional and
organic farm soils are marked in bold. SEM = standard error of the mean.
(DOCX)
S3 Table. Soil total micronutrient concentrations [mg kg-1] of 30 organic (ORG) and 30
conventional (CONV) farms in the study region. Samples were digested with aqua regia and
concentrations measured with ICP-OES. SEM = standard error of the mean.
(DOCX)
S4 Table. pH, clay content, and available nutrient concentrations of 30 organic (ORG) and
30 conventional (CONV) farms in the study region. pH was measured in 0.1 M CaCl2 and
values are thus lower than if measured in water. Clay content was measured by laser diffraction.
Available P was measured using Olsen’s method. Exchangeable K was measured by NH4OAc
extraction. Available Mn, Fe, Cu and Zn were determined by DTPA-extraction. See Methods
section for more details. SEM = standard error of the mean.
(DOCX)
S5 Table. Wheat grain nutrient concentrations [mg kg-1] of 30 organic (ORG) and 30 con-
ventional (CONV) farms in the study region.Wheat grains were taken during the time of
wheat harvest. Total N and total C concentrations were measured by dry combustion using an
NCS analyzer (Flash EA 1112 Series, Thermo Scientific, USA). Concentrations of other ele-
ments were measured by ICP-OES after microwave digestion. Zn uptake was calculated by
multiplying grain Zn concentration by the grain yield. Significant differences (p< 0.05)
between average values in conventional and organic wheat grains are marked in bold.
SEM = standard error of the mean.
(DOCX)
S6 Table. CSV file containing all data underlying the findings in this manuscript.
(CSV)
Acknowledgments
We thank the participating farmers for their kind cooperation, Björn Studer and Dr. Laurie
Schönholzer for lab support, and the bioRe team for help with soil and grain sampling as well
as interviews. We also acknowledge the constructive comments of three anonymous reviewers
and the academic editor who greatly helped improve the manuscript.
Author Contributions
Conceptualization: JH IM GBMS RS EF.
Formal analysis: JH.
Organic Wheat Farming Improves Grain Zinc Concentration
PLOS ONE | DOI:10.1371/journal.pone.0160729 August 18, 2016 17 / 20
Funding acquisition: GB RS EF.
Investigation: JH IM.
Methodology: JH RG GB LM APMS RS EF.
Project administration: GB RS EF.
Supervision: GB RS EF.
Validation: RS EF.
Visualization: JH.
Writing - original draft: JH.
Writing - review & editing: JH IM RG GB LM APMS RS EF.
References
1. Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, Ezzati M, et al. Maternal and child undernutri-
tion: global and regional exposures and health consequences. Lancet. 2008; 371: 243–260. doi: 10.
1016/S0140-6736(07)61690-0 PMID: 18207566
2. Ram H, Sohu VS, Cakmak I, Singh K, Buttar GS, Sodhi GPS, et al. Agronomic fortification of rice and
wheat grains with zinc for nutritional security. Curr Sci. 2015; 109: 1171–1176. doi: 10.18520/v109/i6/
1164-1171
3. Stein AJ, Nestel P, Meenakshi J, Qaim M, Sachdev H, Bhutta ZA. Plant breeding to control zinc defi-
ciency in India: how cost-effective is biofortification? Public Health Nutr. 2007; 10: 492–501. doi: 10.
1017/S1368980007223857 PMID: 17411470
4. Cakmak I. Plant nutrition research: Priorities to meet human needs for food in sustainable ways. Plant
Soil. 2002; 247: 3–24. doi: 10.1023/A:1021194511492
5. Katyal JC, Sharma BD. DTPA-extractable and total Zn, Cu, Mn, and Fe in Indian soils and their associa-
tion with some soil properties. Geoderma. 1991; 49: 165–179. doi: 10.1016/0016-7061(91)90099-F
6. Helfenstein J, Pawlowski ML, Hill CB, Stewart J, Lagos-kutz D, Bowen CR, et al. Zinc deficiency alters
soybean susceptibility to pathogens and pests. Plant Nutr Soil Sci. 2015; 178: 896–903.
7. FAOSTAT. Food and Agricultural commodities production [Internet]. 2013 [cited 20 Oct 2015]. Avail-
able: http://faostat3.fao.org/browse/Q/QC/E.
8. Cakmak I. Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? Plant Soil. 2008;
302: 1–17. doi: 10.1007/s11104-007-9466-3
9. HarvestPlus. Biofortification Progress Briefs [Internet]. 2014 [cited 20 Jul 2016] p. 82. Available: http://
www.harvestplus.org/content/new-progress-briefs-biofortification-released.
10. Zou CQ, Zhang YQ, Rashid A, Ram H, Savasli E, Arisoy RZ, et al. Biofortification of wheat with zinc
through zinc fertilization in seven countries. Plant Soil. 2012; 361: 119–130. doi: 10.1007/s11104-012-
1369-2
11. Aghili F, Gamper HA, Eikenberg J, Khoshgoftarmanesh AH, Afyuni M, Schulin R, et al. Green manure
addition to soil increases grain zinc concentration in bread wheat. PLoS One. 2014; 9: e101487. doi:
10.1371/journal.pone.0101487 PMID: 24999738
12. Dijkstra JJ, Meeussen JCL, Comans RNJ. Evaluation of a Generic Multisurface Sorption Model for Inor-
ganic Soil Contaminants. Environ Sci Technol. 2009; 43: 6196–6201. doi: 10.1021/es900555g PMID:
19746713
13. Schulin R, Khoshgoftarmanesh A, Afyuni M, Nowack B, Frossard E. Effects of Soil Management on
Zinc Uptake and Its Bioavailability in Plants. In: Banuelos G, Lin Z, editors. Development and Uses of
Biofortified Agricultural Products. Boca Raton, Florida: CRC Press, Inc.; 2008. pp. 95–114.
14. DiesingWE, Sinaj S, Sarret G, Manceau A, Flura T, Demaria P, et al. Zinc speciation and isotopic
exchangeability in soils polluted with heavy metals. Eur J Soil Sci. 2008; 59: 716–729. doi: 10.1111/j.
1365-2389.2008.01032.x
15. Nicholson FA, Smith SR, Alloway BJ, Carlton-Smith C, Chambers BJ. An inventory of heavy metals
inputs to agricultural soils in England andWales. Sci Total Environ. 2003; 311: 205–219. doi: 10.1016/
S0048-9697(03)00139-6 PMID: 12826393
Organic Wheat Farming Improves Grain Zinc Concentration
PLOS ONE | DOI:10.1371/journal.pone.0160729 August 18, 2016 18 / 20
16. de Ponti T, Rijk B, van IttersumMK. The crop yield gap between organic and conventional agriculture.
Agric Syst. 2012; 108: 1–9. doi: 10.1016/j.agsy.2011.12.004
17. Crowder DW, Reganold JP. Financial competitiveness of organic agriculture on a global scale. Proc
Natl Acad Sci. 2015; 112: 7611–7616. doi: 10.1073/pnas.1423674112 PMID: 26034271
18. Bulluck LR, Brosius M, Evanylo GK, Ristaino JB. Organic and synthetic fertility amendments influence
soil microbial, physical and chemical properties on organic and conventional farms. Appl Soil Ecol.
2002; 19: 147–160. doi: 10.1016/S0929-1393(01)00187-1
19. Maeder P, Fliessbach A, Dubois D, Gunst L, Fried P, Niggli U. Soil Fertility and Biodiversity in Organic
Farming. Science (80-). 2002; 296: 1694–1697. doi: 10.1126/science.1071148
20. Ryan MH, Derrick JW, Dann PR. Grain mineral concentrations and yield of wheat grown under organic
and conventional management. J Sci Food Agric. 2004; 84: 207–216. doi: 10.1002/jsfa.1634
21. Guttieri MJ, Baenziger PS, Frels K, Carver B, Arnall B, Waters BM. Variation for grain mineral concen-
tration in a diversity panel of current and historical great plains hard winter wheat germplasm. Crop Sci.
2015; 55: 1035. doi: 10.2135/cropsci2014.07.0506
22. Mäder P, Hahn D, Dubois D, Gunst L, Alföldi T, Bergmann H, et al. Wheat quality in organic and con-
ventional farming: results of a 21 year field experiment. J Sci Food Agric. 2007; 87: 1826–1835. doi: 10.
1002/jsfa
23. unicefIndia. What we do: stunting [Internet]. 2013 [cited 20 May 2016]. Available: http://unicef.in/
Whatwedo/10/Stunting.
24. WHO. Global Database on Child Growth and Malnutrition: India [Internet]. 2010 [cited 20 May 2016].
Available: http://www.who.int/nutgrowthdb/database/countries/ind/en/.
25. Eyhorn F, Ramakrishnan M, Maeder P. The viability of cotton-based organic farming systems in India.
Int J Agric Sustain. 2007; 5: 25–38. doi: 10.1080/14735903.2007.9684811
26. Forster D, Andres C, Verma R, Zundel C, Messmer MM, Mäder P. Yield and economic performance of
organic and conventional cotton-based farming systems—results from a field trial in India. PLoS One.
2013; 8: e81039. doi: 10.1371/journal.pone.0081039 PMID: 24324659
27. Eyhorn F. Organic farming for sustainable livelihoods in developing countries? The case of cotton in
India. Zürich: vdf Hochschulverlag AG; 2007. doi: 10.3218/3152-2
28. FAL, RAC, FAW. pH-Wert in Wassersuspension (1:2.5) & pH-Wert in CaCl2-Suspension (1:2.5).
Schweizerische Referenzmethoden der Eidgenössischen landwirtschaftlichen Forschungsanstalten.
Agroscope Zürich, Changins, Wädenswil: Forschungsanstalt für Agrarökologie und Landbau (FAL),
Recherche Agronomique Changins (RAC), Forschungsanstalt Wädenswil (FAW); 1996.
29. FAL, RAC, FAW. Bestimmung der Körnung im mineralischen Anteil der Feinerde. Schweizerische
Referenzmethoden der Eidgenössischen landwirtschaftlichen Forschungsanstalten. Agroscope:
Zürich, Changins, Wädenswil: Forschungsanstalt für Agrarökologie und Landbau (FAL), Recherche
Agronomique Changins (RAC), Forschungsanstalt Wädenswil (FAW); 1996.
30. Özer M, Orhan M, Işik NS. Effect of particle optical properties on size distribution of soils obtained by
laser diffraction. Environ Eng Geosci. 2010; 16: 163–173. doi: 10.2113/gseegeosci.16.2.163
31. FAL, RAC, FAW. Extraktion von Abfalldüngern mit Königswasser in geschlossenen Gefässen im Mik-
rowellenofen. Schweizerische Referenzmethoden der Eidgenössischen landwirtschaftlichen For-
schungsanstalten. Agroscope Zürich, Changins, Wädenswil: Forschungsanstalt für Agrarökologie und
Landbau (FAL), Recherche Agronomique Changins (RAC), Forschungsanstalt Wädenswil (FAW);
1996. p. 3.
32. Reed S, Martens D. Copper and Zinc. In: Sparks D, Page A, Helmke P, Loeppert R, editors. Methods of
Soil Analysis Part 3—Chemical Methods. Madison: SSSA; 1996. pp. 703–722.
33. Schoenau JJ, O’Halloran I. Sodium Bicarbonate-Extractable Phosphorus. In: Carter M, Gregorich E,
editors. Soil Sampling and Methods of Analysis. 2nd ed. Boca Raton, Florida: Taylor & Francis; 2007.
34. Helmke P, Sparks D. Lithium, Sodium, Potassium, Rubidium, and Cesium. Methods of Soil Analysis
Part 3—Chemical Methods. Madison: Soil Science Society of America; 1996. pp. 551–574.
35. AACC. Method 46–19.01: Crude Protein, Calculated from Percentage of Total Nitrogen, in Wheat And
Flour. 1999.
36. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2015.
37. Sakamoto Y, Ishiguro M, Kitagawa G. Akaike Information Criterion Statistics. Tokyo: KTK Scientific
Publishers; 1986.
38. Karami M, Afyuni M, Khoshgoftarmanesh AH, Papritz A, Schulin R. Grain zinc, iron, and copper con-
centrations of wheat grown in central Iran and their relationships with soil and climate variables. J Agric
Food Chem. 2009; 57: 10876–10882. doi: 10.1021/jf902074f PMID: 19883069
Organic Wheat Farming Improves Grain Zinc Concentration
PLOS ONE | DOI:10.1371/journal.pone.0160729 August 18, 2016 19 / 20
39. Persson DP, de Bang TC, Pedas PR, Kutman UB, Cakmak I, Andersen B, et al. Molecular speciation
and tissue compartmentation of zinc in durumwheat grains with contrasting nutritional status. New Phy-
tol. 2016; doi: 10.1111/nph.13989
40. Cakmak I, Pfeiffer WH, McClafferty B. Biofortification of durum wheat with zinc and iron. Cereal Chem.
2010; 87: 10–20. doi: 10.1094/CCHEM-87-1-0010
41. Joshi AK, Crossa J, Arun B, Chand R, Trethowan R, Vargas M, et al. Genotype x environment interac-
tion for zinc and iron concentration of wheat grain in eastern Gangetic plains of India. F Crop Res.
2010; 116: 268–277. doi: 10.1016/j.fcr.2010.01.004
42. Frossard E, Bünemann EK, Kertesz MA. Phosphorus and Sulfur in Soil. In: Pan Ming Huang Yuncong
Li MES, editor. Handbook of Soil Sciences: Properties and Processes. 2nd ed. Boca Raton, Florida:
CRC Press, Inc.; 2011.
43. Pace N, Weerapana E. Zinc-binding cysteines: diverse functions and structural motifs. Biomolecules.
2014; 4: 419–434. doi: 10.3390/biom4020419 PMID: 24970223
44. Syers JK, Johnston AE, Curtin D. Efficiency of soil and fertilizer phosphorus use: Reconciling changing
concepts of soil phosphorus behaviour with agronomic information. FAO, Rome; 2008.
45. Bhullar GS. Agroecology for food security and nutrition. Proceedings of the FAO International Sympo-
sium. Rome: FAO; 2014.
46. Horneck DA, Sullivan DM, Owen JS, Hart JM. Soil Test Interpretation Guide. Corvallis; 2011.
47. Ova EA, Kutman UB, Ozturk L, Cakmak I. High phosphorus supply reduced zinc concentration of
wheat in native soil but not in autoclaved soil or nutrient solution. Plant Soil. 2015; 389: 147–162. doi:
10.1007/s11104-015-2483-8
48. Lehmann A, Veresoglou SD, Leifheit EF, Rillig MC. Arbuscular mycorrhizal influence on zinc nutrition in
crop plants—Ameta-analysis. Soil Biol Biochem. 2014; 69: 123–131. doi: 10.1016/j.soilbio.2013.11.
001
49. Marschner H. Adaptation of plants to adverse chemcal soil conditions. Mineral Nutrition of Higher
Plants. 2nd ed. London: Academic Press; 1995. pp. 596–680.
50. van Groenigen JW, Huygens D, Boeckx P, Kuyper TW, Lubbers IM, Rütting T, et al. The soil N cycle:
new insights and key challenges. Soil. 2015; 1: 235–256. doi: 10.5194/soil-1-235-2015
51. Andres C, Bhullar GS. Sustainable intensification of tropical agro-ecosystems: need and potentials.
Front Environ Sci. Frontiers; 2016; 4. doi: 10.3389/fenvs.2016.00005
52. Bansal RL, Takkar PN, Bhandari AL, Rana DS. Critical level of DTPA extractable Zn for wheat in alka-
line soils of semiarid region of Punjab, India. Fertil Res. 1990; 21: 163–166. doi: 10.1007/BF01087426
Organic Wheat Farming Improves Grain Zinc Concentration
PLOS ONE | DOI:10.1371/journal.pone.0160729 August 18, 2016 20 / 20
